The hydrolysis process of Ru(III) complex (HL)[trans-RuCl 4 L(dmso-S)] (L=1-methyl-1,2,4-triazole and dmso-S=S-dimethyl sulfoxide) (1), a potential antitumor complex similar to the well-known antitumor agent (Him)[trans-RuCl 4 (dmso-S)(im)] (NAMI-A, im=imidazole), was investigated using density functional theory combined with the conductor-like polarizable continuum model approach. The structural characteristics and the detailed energy profiles for the hydrolysis processes of this complex were obtained. For the first hydrolysis step, complex 1 has slightly higher barrier energies than the reported anticancer drug NAMI-A, and the result is in accordance with the experimental evidence indicating larger half-life for complex 1. For the second hydrolysis step, the formation of cis-diaqua species is thermodynamic preferred to that of trans isomers. In addition, on the basis of the analysis of electronic characteristics of species in the hydrolysis process, the trend in nucleophilic attack abilities of hydrolysis products by pertinent biomolecules is revealed and predicted.
I. INTRODUCTION
The success of cisplatin as anticancer agent has stimulated a search for other metallic cytotoxic compounds with equal or greater antitumor activity and lower toxicity [1] . Among the non-platinum transition-metal compounds, Ru(III) complexes attract larger attention for their potential use as therapeutic antitumor agents than the platinum counterparts [2] . The most promising Ru(III) antitumor agent (Him)[trans-RuCl 4 (dmso-S)(im)] (NAMI-A) [3] , characterized by negligible cytotoxic effects and by outstanding antimetastatic properties, is the first Ru(III) metallodrug that has been finished in the clinical trials of the first phase [2, 4] . Since the great promise of NAMI-A as an efficient antimetatic agent, NAMI-A and its derivatives with different azole ligands are studied in this work.
Recently, in the search for novel Ru(III) complex with better pharmacological profile, and also to reveal structure-activity relationships (SARs), a number of NAMI-A-type compounds with the corresponding azole heterocycle ligands, such as 1,2,4-triazole and 1-methyl-1,2,4-triazole, etc. (Fig.1) , have been synthesized and studied systematically by Keppler and co-workers [5] . * Author to whom correspondence should be addressed. E-mail: jincanchen@126.com Their work shows that NAMI-A-type compounds manifest interesting pharmacological properties and even display higher antiproliferative activity against some human cell lines than NAMI-A [5] . In addition, the triazole analogue have many similar characteristics compared to NAMI-A, for instance, they all exhibit low stability when the compounds are dissolved within a physiological buffer at pH=7.4, a high reactivity toward proteins [5] , etc. Since this kind of compounds have the similar structure and properties to NAMI-A, they maybe become new potential members of NAMI-A-type of antimetastatic agents.
Although there are extensive research on the chemical properties and effects of these complexes on the cellular level, to the best of our knowledge, the exact mechanism of action is still not clear. For the parental complex NAMI-A, a detailed NMR analysis show that the hydrolysis of this complex significantly affects its DNA binding as well as its antimetastatic activity [6] . Moreover, hydrolysed NAMI-A species apparently are easier taken up by so-called metGM cells [6] . Also, it has been proposed that the selective antimetastatic activity of NAMI-A during in vivo experiments can be attributed to its hydrolysed species [6] . Hence, hydrolysis appears to play an important role in the compounds' mode of action [7, 8] . Since NAMI-A-type complex has the similar structure and characteristics to NAMI-A, the hydrolysis process should be also the key activation step before the potential drug reaches its intracellular target. Considering the potential application prospect of this kind of complex, an in-depth study of the action mechanism (especially the hydrolysis mechanism) is very necessary and significant.
Recently, many theoretical studies have been carried out in order to elucidate the basic step of the hydrolysis process of metal-containing anticancer drugs at different levels [9−24] . Particularly, more and more computations applying the DFT-B3LYP method to this field have been reported [11−24] , because this employed tool (DFT-B3LYP method) not only considers electron correlation energies very well and obviously reduces the computational expenses, in particular, it provides an excellent compromise between accuracy of the results and the requested computational efforts [16−24] . In our previous work, the hydrolysis mechanism of a series of Ru(III) compounds including the most promising drugs NAMI-A and (Him)[trans-RuCl 4 (im) 2 ] (ICR) was explored [19−24] . More recently, deeper insight into the aquation of two well-known anticancer agents NAMI-A and ICR were further investigated and supplemented by the groups of Besker and Vargiu using DFT-PB and DFT-PCM methods [17, 18] , respectively. However, the triazole analogue, such as (HL)[trans-RuCl 4 L(dmso-S)] (L=1-methyl-1,2,4-triazole) (1), possesses own structural characteristics different from the reported Ru(III) antitumor drug NAMI-A. These structural characteristics closely relate to the aquation action and bioactivity of this compound. Therefore, the theoretical study on the hydrolytic properties of complex 1 with 1-methyl-1,2,4-triazole ligand at the molecular level, is still very significant for understanding action mechanism and revealing the SAR of this kind of compound.
In the present study, the stepwise hydrolysis process of a member of NAMI-A-type complex (HL)[transRuCl 4 L(dmso-S)] (L=1-methyl-1,2,4-triazole) in neutral conditions, as shown in Fig.2 , was explored by density functional theory (DFT) method, and the solvent effect was also considered and calculated by conductorlike polarizable continuum model (CPCM) [25, 26] . The related structural characteristics (including the geometrical structure and electronic structure), thermodynamic properties, and energy profiles of this complex were calculated, discussed and compared with that of NAMI-A. We expect these theoretical results help to understand the action mechanism and SARs of NAMI-A-type Ru(III) antitumor complexes.
II. COMPUTATIONAL METHOD
All geometry optimizations in vacuo for each structure in its low (S=1/2) spin state without symmetry constraints using UB3LYP exchange-correlation functional at the level of LanL2DZ and 6-31G(d), in which the LanL2DZ basis set was adopt for Ru atom only, the 6-31G(d) basis set for others. The frequency calculation was carried out at the same level of theory to verify the stable configuration of each species and to obtain the ZPE (zero-point energy) and the thermal energy contributions at 298.15 K and 0.1 MPa. To make the energies more accurate, the additional single-point energies were further calculated in gas phase and in solution using a larger basis set on optimized structures, that is, 6-311++G(3df, 2pd) on the nonmetal atoms, and LanL2DZ(f) (ζ f =1.235) [27] action coordinate (IRC) [28, 29] calculations. Solvent effects were taken into account by the CPCM method.
The natural orbital population analysis (NPA) [30] was carried out to obtain more electronic information for these hydrolysis reactions. All calculations were carried out using the GAUSSIAN 03 program packages [31] .
III. RESULTS AND DISCUSSION
A. Geometry structural characteristics
The title complex was modeled considering the [trans-RuCl 4 (mtrz)(dmso-S)]
− (mtrz=1-methyl-1,2,4-triazole) anion. The fully optimized structures for the species involved in the hydrolysis of complex 1 are shown in Fig.3 . The main bond lengths for the optimized stationary points are also presented in Fig.3 . The calculated geometrical parameters of title complex compared with the experimental X-ray data is listed in supplementary material (Table S1 ) [5] . The cartesian coordinates of optimized geometries of all the species in the hydrolysis process of complex 1 and calculated vibrational frequency of each TS species are given in Tables S2 and S3 (supplementary material), respectively. In general, the various structures presented in Fig.3 have many geometric features, but here only the most prominent characteristics are discussed, in particular, some features of the intermediates and transition states are emphasized.
From Table S1 , we can find that the minimized structure of R ([trans-RuCl 4 (mtrz)(dmso-S)] − ) matches the crystallographic data accurately with bond distances within 0.131Å and bond angles within 1.0
• , indicat- ing that the UB3LYP provides a good description of the molecular structure of this system. So, on the basis of the computed geometry of the title complex, we can carry out the study on the structural analysis as well as the further study on energies, thermodynamic properties for the hydrolysis of complex 1 at a higher basis set level.
In the first intermediate, [RuCl 4 (mtrz)(dmso-S)]
− · · · H 2 O, I-1, the entering water molecule has formed hydrogen bonds with two adjacent Cl atoms with the distances of 2.592 and 2.426Å. The transition state (TS1) structure found in the first hydrolysis step is characterized by an imaginary frequency of 135 cm −1 and corresponds to the Ru−Cl1 and Ru−O (wat1) bonds being broken and formed, respectively. The distance between Ru atom and O atom of the entering water molecule reduces from 4.169Å in I-1 to 2.543Å in TS1, while the Ru−Cl1 distance increases from 2.437Å to 2.991Å. In the structure of intermediate I-2, [RuCl 3 (H 2 O)(mtrz)(dmso-S)]· · · Cl − , the Cl atom as ligand has been completely substituted by H 2 O which forms a bond with Ru atom at distance of 2.135Å. The Cl atom forms intermolecular interaction with H atom of the coordinated water molecule at distance of 1.860Å. The first step hydrolysis product P1 has a pseudooctahedral configuration, in which the leaving Cl1 has been removed from the system, and the coordinated water molecule forms a hydrogen bond (1.869Å) with O atom of DMSO group.
Two paths are found in the second hydrolysis step of complex 1 as the theoretical studies of hydrolysis of NAMI-A and ICR as well as their derivatives [19−24] . In path 1, the cis-diaqua complex is obtained, and in path 2, the trans-diaqua complex is obtained. In path 1 (Fig.3) , the distance between the attacking O atom and Ru atom is 4.262Å. In intermediate I-3, the entering water molecule forms hydrogen bond with Cl3 (2.539Å). The transition state structure (TS2) in path 1 is characterized by an imaginary frequency of 130 cm −1 , in which the forming Ru−O (wat2) bond is 2.617Å and the breaking Ru−Cl2 bond is 2.877Å. The structure of TS2 is similar to that of TS1. In intermediate I-4, the bond length of Ru−O (wat2) is 2.164Å, and the expelled Cl − ion lies at a distance of 3.990Å from the Ru atom. It is notable that the leaving Cl − forms two hydrogen bonds with two bound water ligands at distances of 2.010 and 1.874Å, respectively. The final hydrolysis product (P2-1), i.e., a cis-diaqua species of complex 1 produced according to path 1, shows a pseudooctahedral geometry. The hydrolysis mode and structural characters of the species in path 2 are similar to those in path 1.
The structural data in Fig.3 show that the geometric changes associated with the hydrolysis mainly take place on the equatorial plane of the octahedron according to the DFT calculations. The above analysis also demonstrates that the hydrolysis modes and structural characteristics of the stationary states of title complex are in accordance with those of other antitumor Ru(III) complexes [19−24] .
B. Electronic characteristics
To better understand the electronic characteristics in the hydrolysis process, the NPA charges were computed for every optimized structure. In this work, we selected three key atoms which could reflect the transformations of the charge directly in the reactions, i.e., the central Ru atom, the leaving Cl atom, and the attacking O atom. The net charge populations on the three important atoms for every stationary point are listed in Table I . And the trend in the charge changes can be clearly seen in Fig.4 .
With the reaction proceeding, the net charge of the Cl − as leaving ligand (Q Cl ) becomes more negative, the positive charge of the central Ru atom (Q Ru ) increases first and then reduces (except P2-2 in path 2) because of receiving some negative charges. This phenomenon indicates that there is a charge transfer among the related atoms, and that the negative charge gain of the Cl atom is greater than the negative charge loss of the Ru atom. To meet the charge conservation of the hydrolysis reaction, the negative charges of O atom of the entering water ligands are reduced in the formation of a relatively stable intermediate complex.
From Table I and Fig.4 , we can see that, the substitution of a chloride ligand by water leads the electron density of the metal center Ru to decrease and makes it more reactive toward associative nucleophilic attack, e.g. the nucleophilic attack by biologically relevant molecules, such as serum transport proteins and DNA nucleotides [32−34] . In the order of the first step, path 1 and path 2 of the second step, the positive charges of Ru atom of hydrolysis products increase, i.e., Q Ru (P1)<Q Ru (P2-1)<Q Ru (P2-2). It suggests that the nucleophilic attack abilities A of hydrolysis products by biomolecular target is in the sequence of A(P1)<A(P2-1)<A(P2-2). Although the reaction system is very complicated, the analysis of the electronic characteristics further suggests that the aquation of title complex closely relates to their DNA binding, and also plays an important role in the compounds' mode of action. A similar electronic characteristic of hydrolysis process was also found for those of NAMI-A-type compounds [19, 21, 23] , showing the similar reaction pathway, i.e., second order nucleophilic substitution (S N 2) reaction.
C. Energy profiles
The computed relative electronic energies, enthalpies, and free energies of the stationary points in both gas phase and in solution, along with their solvation energies, entropies, and thermal corrections at 298.15 K for complex 1 are given in Table II . On the basis of these results, the energy profile corresponding to the hydrolysis processes of the title complex is clearly displayed in Fig.5 .
From Table II , we can find that for the title complex, computed relative free energy in aqueous solution for the first hydrolysis step is 99.2 kJ/mol, which is higher than that of NAMI-A (∆G II Thermodynamic parameters for the hydrolysis processes of complex 1 in gas phase and in aqueous solution. (LanL2DZ(f)+6-311++G(3df, 2pd) ) on structures optimized at the UB3LYP/(LanL2DZ+6-31G(d)) level. b The solvation energy corrections to the single-point energies calculated using the CPCM solvation model at the level of UB3LYP/ (LanL2DZ(f)+6-311++G(3df, 2pd) ). c Thermal correction obtained through frequency calculation at the level of UB3LYP/(LanL2DZ+6-31G(d)) at 298.15 K and 1 MPa on the optimized stationary point geometries. d Total enthalpies, and Gibbs free energies (including solvation and zero-point energy) were obtained as follows:
, and for others in kJ/mol. is in agreement with the experimental evidence indicating larger half-life for complex 1 (τ 1/2 =27.5 min vs. 20.6 min, complex 1 vs. NAMI-A) [5] . Moreover, the single point calculations both in gas phase and in aqueous solution indicate the free energies for the second hydrolysis step leading to the trans isomer much larger than the corresponding values to the cis isomer, ∆G In regards to the action mechanism of cisplatin, the above phenomenon may be due to the so-called "cis effect". Cisplatin is known to be able to form 1,2-d(GpG) (∼65%) and 1,2-d(ApG) (∼25%) intrastrand didentate adducts [35, 36] . These intrastrand adducts have been considered as the ones correlating to the antitumor properties of cisplatin since they can not be formed by the clinically ineffective geometric isomer transplatin due to its stereochemistry [37] . Thereby, the preference for the potential antitumor Ru(III) complex to form a cis-diaqua product must be advantageous to binding to pertinent biomolecular targets, and also the cis-diaqua product of the title complex may be important prodrug for the biological actions.
The single-point energies calculated using CPCM solvation model in aqueous solution are displayed in Fig.5 . Several significant features can be found from these profiles, according to the order of the first hydrolysis step, path 1 and path 2 in the second hydrolysis step, the barrier heights are 107.5, 94.1, and 118.8 kJ/mol, respectively. It shows that path 2 of the second step is more difficult than path 1 and the first step. The same sequence of barrier energies can also be seen in the profiles of ∆G • − (aq). The total aqueous energy profiles show that path 1 and path 2 in the second step can be quantitatively predicted to be endothermic by 1.3 and 17.2 kJ/mol, respectively, whereas the first step is exothermic. It further suggests that the thermodynamics largely favors cis-chloride ion hydrolysis, and path 2 in the second hydrolysis step is a difficult reaction path.
The computed relative free energies for the hydrolysis reactions in aqueous solution are further shown in Fig.5 . Firstly, all the barrier heights decrease relative to their ∆E tot (aq) values, but the discrepancies for path 2 is the smallest, and path 2 also has the highest barrier height, demonstrating this path is disadvantageous kinetics. Secondly, all the reaction paths are predicted to be exothermic, but the value for path 2 is still the least (only 5.0 kJ/mol).
Additionally, the relative total energies and free energies for the hydrolysis reactions of complex 1 in the gas phase are also given in the parentheses synchronously (Fig.5) . Obviously, the corresponding energies values in the gas phase are higher than those of in aqueous so-lution. It shows that the solvent effects are important for the energetics in this study system and make the energies reduce. Moreover, the reactions in gas phase are endothermic, however, the reactions in aqueous solution are mainly exothermic. From the barrier heights shown in the reaction profiles of hydrolysis processes of complex 1 (see Fig.5 ), we can deduce that all the hydrolysis steps of complex 1 are reasonable for reaction in biologically relevant conditions, because all the kinetic barriers are corresponding lower in aqueous solution. The above analysis further demonstrates that the characteristics of energy profiles for each aquation step of title Ru(III) complex are similar to those of its parental complex 2 (see Fig.1 ) except for the difference in some detail, and it also implies that the methyl substituent has smaller effects on the hydrolysis process of this potential NAMI-A-type Ru(III) complex.
IV. CONCLUSION
In our limited work, the hydrolysis processes of potential antitumor Ru (III) complex (Hmtrz)[transRuCl 4 (mtrz)(dmso-S)] (1) have been studied by using DFT method. The energetic properties, including relevant thermodynamic data were derived from the computations. The theoretical results show the following: (i) The optimized structure of each transition state adopted pseudo-octahedral configuration. The geometric changes associated with the reaction processes mainly take place in the equatorial plane of the pseudooctahedral geometry.
(ii) The analysis of electronic characteristics of species in the hydrolysis process suggests that the nucleophilic attack abilities of hydrolysed products by biomolecular target is in the sequence of A(P1)<A(P2-1)<A(P2-2). (iii) For the first hydrolysis step, the complex 1 with methyl-triazole ligand has slightly higher barrier energies than the reported complex NAMI-A with imidazole ligand, and this result is in good agreement with experimental one. (iv) For the second hydrolysis step, the formation of cis-diaqua isomer is preferred to that of trans isomer both in kinetics and in thermodynamics. These theoretical results should help to understand the action mechanism of this potential Ru(III) drug with pertinent biomolecular targets.
Supplementary material: The comparison between calculated geometrical parameters of complex 1 and the experimental X-ray data (Table S1 ). The cartesian coordinates for optimized geometries of all calculations reported herein (Table S2) , and the calculated vibrational frequencies of each TS species (Table S3) . 
